Purpose. To characterize the epithelial thickness profile and study the effects of long-term wear of hydrogel lenses on this profile. Methods. A cross-sectional study was designed. Epithelial thickness was evaluated in 15 subjects who had worn one of two types of low oxygen transmissibility (Dk) hydrogel contact lenses for an average of 10 years (range, 7-16) and compared with a group of 18 control subjects who had never worn contact lenses. Epithelial thickness was measured at the center and at four mid-peripheral and four peripheral locations in the vertical and horizontal meridians of the cornea using a modified optical pachymeter. Results. Lens wearers had significantly thinner epithelium than controls [analysis of variance (ANOVA), p < 0.001] in the central (41 ± 7 m versus 48 ± 5 m), mid-peripheral (41 ± 7 m versus 48 ± 7 m), and peripheral (42 ± 9 m versus 48 ± 6 m) cornea. The extent of this difference ranged from 8.7% to 18.4% of the total epithelial thickness, was not associated with the duration of wear (ANOVA, p ‫ס‬ 0.87, power ‫ס‬ 0.05), and was significantly greater for the lower Dk contact lens type (ANOVA, p < 0.001). Topographical position did not have a significant effect on epithelial thickness (ANOVA, p > 0.13, power > 0.22). Conclusion. This study establishes that the epithelial thinning associated with hydrogel lens wear is topographically uniform. It also confirms that this effect is inversely related to lens oxygen transmissibility but does not appear to increase with longer duration of wear. Key Words: Epithelial thickness-Modified optical pachymetry-Long-term contact lens wear-Hypoxia-Low Dk soft contact lenses.
cantly thinner corneas over the central 6 mm compared with agematched control subjects who had never worn CLs.
The corneal epithelium is especially susceptible to CL exposure. Several CL-induced effects include epithelial microcysts, 5 decreased cell adhesion, 6 increased permeability, 7 increased cell size, 8, 9 decreased cell shedding, 9 and thinning of the central epithelium. 1, 9 Given the importance of the epithelium in maintaining normal corneal function and its common involvement in complications associated with CL wear, we were interested in more broadly characterizing the effects of long-term low Dk CL wear on epithelial thickness.
To this end, we compared the topographical epithelial thickness profiles of long-term CL wearers with that of age-matched controls with no CL-wearing history. The specific effects of corneal topographical location, CL Dk, and duration of CL wear on the epithelial thickness were investigated.
MATERIALS AND METHODS
This study evaluated 30 eyes of 15 CL wearers. The average age of these subjects was 38 ± 8 years old. They were compared with a group of 18 (36 eyes) healthy control subjects (age 37 ± 9) who had never worn CLs. The male-to-female ratio was 9:6 for the CL wearers and 10:8 for the non-CL wearers. Patients were recruited from the Cornea and Contact Lens Research Unit at the School of Optometry and Vision Science of the University of New South Wales, Sydney, Australia. Informed consent was obtained. Subjects in the CL group had worn low Dk disposable hydrogel CLs for an average of 10 years (range, 7-16). Eleven subjects wore an etafilcon A CL (Vistakon, Jacksonville, FL) in one eye and a polymacon CL (Bausch & Lomb, Rochester, NY) in the contralateral eye. The remaining four subjects wore etafilcon A CLs bilaterally. Ten subjects wore CLs on a six nights per week extended-wear schedule with weekly replacements. Three subjects wore CLs on a 13 nights per week extended-wear schedule with replacements every 2 weeks, and two subjects wore CLs on a daily-wear schedule with replacements every 2 weeks. Nominal parameters of the CLs used in this study are presented in Table 1 . Young's modulus measurements were performed in-house on a parallel strip cut through the center of sample CLs at a strain rate of 100% per minute at 35°C.
Modified optical pachymetry 10 was used to measure epithelial thickness. To assess accuracy of pachymetry measurements, 19 PMMA CLs of thickness ranging from 57 to 795 m were measured with the pachymeter and the results compared with those obtained using a micrometer gauge (Jalbert et al., unpublished data). Using statistical methods described by Bland and Altman, 11 the bias and error was 3.8 ± 7.1 m between gauge and optical pachymetry thickness measurements. From these results, we can infer that our modified optical pachymetry is accurate. In addition, the precision of this modified optical pachymeter was recently demonstrated to be excellent with a within-subject standard deviation of 1.8 m for epithelial thickness measurements. 12 While a subject's group assignment was unmasked, the examiner remained masked to pachymetry results during measurements as the pachymeter was fitted with a precision potentiometer whose voltage output was automatically converted to thickness values and stored in a computer file without the examiner being aware of the results. One examiner performed all pachymetry measurements (J.G.P.).
Topographical measurements were made using a series of fixation light-emitting diodes arranged in vertical and horizontal panels. Epithelial thickness was therefore measured at the central, mid-peripheral, and peripheral positions listed in Table 2 . Five consecutive measurements were averaged for each position. Central thickness was measured at three separate central locations and averaged as this has been shown to increase measurement precision (Jalbert et al., unpublished data). The order in which the different corneal locations were measured was randomized to minimize observer bias. Measurements were taken between 2 and 8 P.M. to control for the possible daily circadian variation of epithelial thickness measurements. 13 Subjects from the CLwearing group presented wearing their habitual CLs, and measurements were taken immediately following CL removal.
Because of the between-eye correlation, 14 data for the right eye only was included in statistical analyses of the effects of CL wear per se and the duration of CL wear. A two-way analysis of variance (ANOVA) was carried out on the epithelial thickness data with group assignment and topographical position as factors. The assumptions of normality (Shapiro-Wilk, p > 0.05) and equality of variances were verified prior to analysis. In a separate ANOVA, the data were stratified by length of wear time in two groups (less than 10 years versus more than 10 years) to investigate a possible gradient effect. The effect of CLs oxygen transmissibility was investigated by comparing right and left eye data in the 11 subjects wearing different CLs contralaterally using a repeated-measures two-way ANOVA.
RESULTS
The thickness profiles for controls and CL wearers are displayed in Table 3 . They show that the epithelium of long-term CL wearers was significantly thinner than that of control subjects in the central (41 ± 7 m versus 48 ± 5 m), mid-peripheral (41 ± 7 m versus 48 ± 7 m), and peripheral (42 ± 9 m versus 48 ± 6 m) cornea (p < 0.001, power ‫ס‬ 1.00). Topographical position, however, did not have a significant effect, indicating that the epithelium is roughly uniform in the central 8 mm of the cornea (p ‫ס‬ 0.48, power ‫ס‬ 0.44). There was no interaction between the two factors (p ‫ס‬ 0.79, power ‫ס‬ 0.27). The extent of thinning ranged from 8.7% to 18.4% of the epithelial thickness (average of 13.4%) across the cornea. Central epithelial thinning was 14.6%.
When the data were stratified into two groups of 10 years or more of wear versus less 10 years of wear (Table 4) , epithelial thickness was not associated with the duration of wear (p ‫ס‬ 0.87, power ‫ס‬ 0.05). Again, topographical position did not have an effect (p ‫ס‬ 0.84, power ‫ס‬ 0.23) and did not interact with duration of wear (p ‫ס‬ 0.73, power ‫ס‬ 0.29).
The thickness profiles for each CL type are displayed in Table  5 . ANOVA analysis revealed that eyes wearing the lower Dk CL type had significantly thinner epithelium than those wearing the higher Dk CL type (p < 0.001, power ‫ס‬ 1.00). Topographical position did not have an effect (p ‫ס‬ 0.14, power ‫ס‬ 0.67) on epithelial thickness. There was no interaction between the variables (p ‫ס‬ 0.07, power ‫ס‬ 0.76).
DISCUSSION
This study confirms the previously reported significant central epithelial thinning associated with long-term wear of hydrogel lenses. 1 Hypoxia, direct lens pressure, and inhibition of cell shedding are possible mechanisms underlying this central epithelial thinning.
Ren et al. 9 recently demonstrated in a prospective, randomized, double-masked study that soft CLs of lower oxygen transmissibility cause more epithelial thinning than soft CLs of higher oxygen transmissibility during the first year of extended wear. This was confirmed recently in a separate study. 15 In our cross-sectional study, the epithelium was thinner in eyes wearing CLs of lower Dk Values are expressed as the distance from the centre of the cornea in millimetres. As the same fixation targets are used for both eyes, distances from the centre of the cornea differ slightly between the right and left eye. ( Table 5 ). Taken together, these findings suggest that hypoxia is a significant factor in inducing the epithelial thinning. Interestingly, while the study of Ren et al. 9 showed that the epithelium reached maximum thinning after the first month of extended wear and partial adaptive recovery of epithelial thickness occurred thereafter, our data suggest that this recovery will never be complete. This partial recovery effect may, however, explain why we could not demonstrate a gradient effect from the duration of wear on the extent of epithelial thinning (Table 4 ). Conversely, Patel et al. 16 reported that thinning could only be demonstrated in the temporal epithelium of long-term daily CL wearers and not in the central epithelium. A very inhomogeneous group of CL wearers (comprising soft, rigid gas permeable, and PMMA CL wearers), a delay of 12 to 24 hours between CL removal and epithelial thickness measurement and a longer duration of wear (average, 18 years) are possible explanations for this surprising negative finding. 16 As the power to detect an effect from the duration of wear was very low in our study at 0.05, a definitive answer will require a larger number of subjects to be measured. Importantly, there appears to be so far no evidence from our study and others 9, 16 for a cumulative effect of low Dk CL wear on the epithelial thickness and long-term CL wear does not appear to affect epithelial thickness to a greater extent than shorter term wear. The extent of central epithelial thinning reported in our study, however, appears significantly larger at 14.6% than that of 5.6% previously reported by Holden et al. 1 after 5 years of wear, the 6.9% reported by Ren et al. 9 after 6 months extended wear, and the 9.0% reported by Patel et al. 16 in the temporal epithelium after an average of 18 years of daily wear. Caution should therefore be taken in interpreting these results as an endorsement of long-term low Dk CL wear.
Direct CL pressure could also be driving the epithelial thinning. There is a growing body of evidence demonstrating the significant thinning effect of parallel fitted high Dk rigid gas permeable CLs on the epithelium 9,17 when compared with soft CLs of similar oxygen transmissibility. The localized corneal 18 and corneal epithelial 19 thinning observed in wearers of accelerated orthokeratology CL designs strongly suggests that pressure-driven epithelial thickness changes are possible. Direct pressure may also be involved in the epithelial thinning 9 and shape changes 20 observed during wear of the high Dk soft CLs as these are significantly more rigid than conventional hydrogel CLs. 21 CL pressure may therefore also be a factor in our study as the higher modulus polymacon ( Table 1) CL was associated with more epithelial thinning than the softer etafilcon A material. Evidence of a greater thinning effect in low Dk soft hydrogel CLs than the more rigid high Dk soft silicone hydrogel CLs from the study of Ren et al. 9 suggests, however, that hypoxia remains a driving factor.
Animal studies of the effects of CL wear on epithelial homeostasis [22] [23] [24] [25] [26] and supporting evidence from recent human studies 9, 17 suggest inhibition of cell shedding as another possible mechanism. Increased epithelial surface cell area 27, 28 and reduced epithelial cell desquamation 29 have been shown to occur in human wearers of all CL types. 9, 17 At the molecular level, cell flattening and/or loss, 26 reduced surface epithelial cell death through apoptosis 25, 30 and reduced central epithelial basal cell proliferation 23, 24 were demonstrated in soft CL-wearing monkeys 26 or rigid CL-wearing rabbits. [23] [24] [25] 30 The added finding of upregulation of limbal basal cell proliferation in those animals may reflect an attempt at a compensatory mechanism. 23, 24 Based on these findings, it has been proposed that the wearing of a (any) CL and associated protection from shedding of surface cells through the normal blink process leads to an decrease in shedding rate and associated increase in epithelial cell size. The epithelium then attempts to counteract this by reducing epithelial proliferation rates, which may lead to a reduction in the number of epithelial layers and an associated reduction in central epithelial thickness.
Because of the difficulty in measuring the corneal epithelium in vivo, the peripheral epithelium has until now been poorly characterized. In this study, the topographical thickness of the normal corneal epithelium and the possible effects of CL wear on this thickness profile were investigated. It is well established that corneal thickness increases from the center to the periphery 31 and complex topographical variations in vertical meridional thickness have been demonstrated. 32 Evidence of an inferiorly located central epithelial vortex, 33 regional heterogeneity of the immunohistochemical characteristics, 34 growth patterns, 35 and the oxygen uptake 36 of the peripheral corneal epithelium, and the hypothetical unequal shearing forces applied to different region of the epithelium due to the anatomic position of the eyelids 33 all predicted that a similar topographical variation in corneal epithelial thickness was likely. Further support was provided by a recent anecdotal report of uneven epithelial thickness in a single subject measured using very high frequency, in vivo ultrasound pachymetry. 37 To the best of our knowledge, ours is the first in vivo demonstration of the uniformity of the corneal epithelium in the central 8 mm. In addition, wearing of CLs of uneven thickness where, particularly in high ametropes, oxygen availability would be significantly different at the periphery than at the center of the CL did not significantly affect the uniformity of epithelial thickness. This study confirms the usefulness of the relatively simple and inexpensive modified optical pachymeter in measuring topographical epithelial thickness. It compares favorably in terms of precision with other techniques available for the measurement of epithelial thickness in vivo such as confocal microscopy or optical coherence tomography. 38 It also offers the added advantages of being accurate and noninvasive, allows topographical measurements, and, by not including tear-film thickness in the measurement, eliminates this possible confounding factor of surprising recent optical coherence tomography results. 13, 39 In summary, this study demonstrated that long-term wear of hydrogel CLs is associated with overall epithelial thinning of the central, mid-peripheral, and peripheral cornea. While the effect is more pronounced in eyes wearing the lower Dk CL, we could not demonstrate a cumulative effect of the duration of wear. The latter finding may be a reflection of the adaptive process described by other investigators during the first year of extended wear 9 and offers some reassurance for the increasing number of CL wearers who have long-term exposure to CL.
